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Abstract 
The paper presents modification of the conventional balance control of semi-active suspension systems aiming at the elimination 
of the damping force and consequently sprung mass acceleration  discontinuities (dynamic jerk). An analysis of the relationship 
between the relative displacement of the sprung mass and the relative velocity between the sprung and unsprung masses shows 
sudden damping force variations (jumps). Conventional balance control in this way introduces at zero crossings of the relative 
velocity across the suspension jumps in damping force and consequently sprung mass acceleration jumps. The acceleration jumps 
cause a significant reduction in isolation benefits of semi-active suspensions in which the conventional balance control is used. 
The presented modification of the conventional balance control leads to elimination of the damping force and also sprung mass 
acceleration jumps as is showed by the results of the numerical simulations. The results also show that the rise of the effective 
sprung mass acceleration value is not significant. 
© 2014 The Authors. Published by Elsevier Ltd. 
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2014.  
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1. Introduction 
There exist three main types of seat and vehicle suspensions: passive, semi-active and active suspensions which 
depend on the operation mode to improve seat and vehicle ride comfort, vehicle safety, road damage minimization 
and the overall vehicle performance. Passive suspensions are effective only in a certain frequency range and no on-
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line feedback is used. Thus, optimal design performance cannot be achieved when the system and/or its operating 
conditions are used. On the contrary, active suspensions can improve the performance of the suspension systems 
ower a wide range of frequency and can adapt the system variations based on on-line changes of the actuating force. 
Therefore, active suspensions have been extensively studied since 1960s and various approaches have been proposed 
[1, 2, 3]. However, active suspensions usually require large power supply, which is the main drawback that prevents 
this technique from being used extensively in practice. 
Since 1970s, semi-active suspensions have received much attention since they can achieve better performance 
than passive suspensions and consume much less power than active suspensions. Especially, when some controllable 
dampers, such as magnetorheological (MR) dampers, electrorheological (ER) dampers, and controlled friction 
dampers are available in practice. Semi-active suspensions are more practical than ever in engineering realization. 
In particular, MR dampers have found considerable attraction in vibration reduction of vehicle seats and vehicle 
suspensions [4, 5, 6]. They are also used in vibration reduction of bridges, helicopter rotors, truss structures, seat 
suspensions, seismic reduction etc. 
Feedback control radically alters the dynamics of a system: it effects its natural frequencies, its transient response 
as well as its stability. The control algorithm is a brain of the semi-active suspension. Many control strategies such as 
sky-hook, ground-hook and hybrid control [6, 7, 8, 9], Hf control [10] and model following sliding mode control 
[11] have been evaluated in terms of their applicability in practice. In addition, theoretical and experimental 
researches have demonstrated that the performance of a semi-active control system is also highly dependent on the 
choice of control strategy [12]. Therefore some semi-active control strategies have been presented and compared in 
[13]. Many other approaches, such as neuro-fuzzy control [14], and observer-based control [15], are also 
incorporated into the semi-active control. 
It can be concluded that the success of semi-active dampers in suspension applications is determined by two 
aspects: one is the accurate modelling of the MR dampers and the other is the selection of an appropriate control 
strategy. Based on previous research results, this paper is mainly concerned with possibilities of modifications of the 
conventional balance control of semi-active suspension systems aiming at elimination of the dynamic jerk 
(accelerations jumps). 
 
Nomenclature 
 Fsa damping force 
 k spring stiffness coefficient 
 m sprung mass 
 u kinematic excitation 
 x absolute displacement of  the sprung mass m 
 xrel relative displacement across the suspension 
relx  relative velocity across the suspension 
2. Conventional balance control 
This logic first was introduced by Rakheja and Sankar [16] and developed by Stammers and Sireteanu [17]. With 
reference to Fig. 1 balance logic aims at reducing sprung mass acceleration. If the relative displacement  uxxrel  
and relative velocity uxxrel   across the suspension, Fig. 1, are measured then, according to the balance logic, the 
damping force  relrelsa xxF ,  must be modulated sequentially such that 
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Fig. 1. Seat suspension. 
Balance control which is illustrated in Fig. 2, indicates that when the relative displacement relx  and relative 
velocity relx  across the suspension have opposite signs  0relrel xx  , the damper is resisting the motion of the 
sprung mass m and a damping force proportional to the sprung mass relative displacement )( relxk  is desired. 
Otherwise  0trelrel xx  , the damping force does not resist the motion of the sprung mass and must be minimized.  
The equation of motion of the semi-active suspension illustrated in Fig. 1 is as follows  
  0  saFuxkxm  .   (2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Damping force Fsa. 
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Fig. 3. Three-dimensional plot of the damping force Fsa as a function of the relative displacement and relative velocity. 
It means that within the intervals when 0relrel xx  , Fig. 2, the spring force   relxkuxk   is cancelled   uxkFsa   and from eq. (2) we get .0 x It means that the sprung mass acceleration is zero as can be seen 
in the 1st,  3rd and 5th interval in Fig. 2.  
In order to better highlight the dynamic jerk problem due to the conventional balance control, we will evaluate a 
three-dimensional surface plot of eq. (1) as is shown in Fig. 3. The figure clearly indicates that in the first and third 
quadrants, when the relative displacement and relative velocity have the same signs, the damping force Fsa is zero. 
Otherwise it is proportional to the relative displacement )( relxk . Figure 2 also shows that the damping force Fsa 
jumps sharply at the transitions between the quadrants corresponding to the relative velocity relx zero crossings. 
These sharp jumps can also be seen in Fig. 2. The damping force Fsa discontinuities cause acceleration jumps (or 
dynamic jerks).   
3. Modified antijerk balance control 
A simple possibility of avoiding sharp jumps at the transitions between the quadrants corresponding to the 
relative velocity relx zero crossings is illustrated in Fig. 4. Thanks to the planes OAB and OAcBc, with appropriate 
value of the angle J, the transitions are linear, without jumps. After introducing another angle E, Fig. 4, the 
following equation for the damping force can be written 
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Fig. 4. Three-dimensional plot of the damping force Fsa as a function of the relative displacement and relative velocity, 
 modified antijerk balance control. 
In the case of modified antijerk balance control the damping force Fsa has no discontinuities and consequently 
there arise no sprung mass acceleration jumps or dynamic jerks.  
4. Simulation results 
The simulation results were obtained for the seat suspension illustrated in Fig. 1. The kinematic excitation u(t) 
was acquired experimentally from the cabin of a bucket wheel excavator Schrs 1320 (under the drivercs seat) [17].  
First the motion equation (2) is transformed into a set of two ordinary differential equations 
 > @
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   (4) 
where the following coordinate transformation was used 
., 21 xyxy       (5) 
The damping force Fsa has the form determined by eq. (1) for the conventional balance control and by eq. (3) for 
the modified antijerk balance control. 
The following specified variables were used [18]: m =  82.3 kg (sprung mass), k = 3300 N/m (spring stiffness 
coefficient).  
Fig. 5 illustrates the vertical kinematic excitation u(t) of the seat base in the cabin of the bucket wheel excavator 
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Schrs 1320. 
 
Fig. 5. Vertical displacement time response u(t) in the Schrs 1320 cabin. 
Figures 6 and 7 present  the damping force Fsa and the sprung mass acceleration  tx  for the conventional 
balance control.  
 
Fig. 6. Damping force Fsa for conventional balance control. 
Figs. 8 and 9 show the damping force Fsa and the sprung mass acceleration  tx  for the modified antijerk balance 
control (  Jtg ).  These figures show that modified antijerk balance control gives both sprung mass acceleration 
 tx  and damping force Fsa without discontinuities compared with Figs. 6 and 7 obtained for the conventional 
balance control.  
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5. Conclusion 
An analysis of the conventional balance control of semi-active suspensions showed that zero crossings of the 
relative velocity over the suspension cause sharp jumps in the semi-active damping force and consequently sharp 
jumps (dynamic jerks) in the sprung mass acceleration. These acceleration jumps cause a significant reduction in 
isolation benefits that can be offered by semi-active suspensions with conventional balance control. The modified 
antijerk balance control, presented in the paper, was suggested to eliminate the damping force discontinuities and 
consequently also sprung mass acceleration discontinuities. Simulation results for a seat semi-active suspension 
showed that modified antijerk balance control can ensure effective continuously adjastable elimination of dynamic 
jerks.  
 
Fig. 7. The sprung mass acceleration for conventional balance control. 
 
Fig. 8. Damping force Fsa for modified antijerk balance control. 
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Fig. 9. The sprung mass acceleration for modified antijerk balance control. 
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